Abstract-Studies of rotor asymmetries in squirrel-cage induction motors have traditionally focused on analyses of the effects of the breakage of adjacent bars on the magnetic field and current spectrum. However, major motor manufacturers have reported cases where damaged bars are randomly distributed around the rotor perimeter of large HV machines. In some of these cases, the motors were being monitored under maintenance programs based on motor current signature analysis (MCSA), and the degree of degradation found in the rotor was much greater than that predicted by analysis of their current spectra. For this reason, a complete study was carried out, comprising a theoretical analysis, as well as simulation and tests, to investigate the influence that the number and location of faulty bars has on the traditional MCSA diagnosis procedure. From the theoretical analysis, based on the application of the fault-current approach and space-vector theory, a very simple method is deduced, which enables the left sideband amplitude to be calculated for any double bar breakage, per unit of the sideband amplitude corresponding to a single breakage. The proposed methodology is generalized for the estimation of the sideband amplitude in the case of multiple bar breakages and validated by simulation using a finite-element-based model, as well as by laboratory tests.
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I. INTRODUCTION

R
EVIEWS of maintenance reports drawn up by large companies, on-site inspections, and personal interviews with experts, all confirm that failure of nonadjacent bars is fairly common in large cage asynchronous motors. Fig. 1 presents a photograph of one of the inspected motors in which the breakage of multiple rotor bars can be clearly seen.
In a relevant number of cases, the faulty motor was part of a predictive maintenance program that included periodical monitoring of the rotor using conventional motor current signature analysis (MCSA) tests. However, the application of current spectral analysis did not lead to an accurate diagnosis since the degree of rotor asymmetry was incorrectly evaluated. These diagnostic errors indicate that the appearance of a motor's current spectrum is different when the faulty bars are randomly distributed around the rotor than when the bars are adjacent.
The traditional theory regarding the evolution of rotor asymmetries (bar breaking or cracking) in squirrel-cage asynchronous motors postulates that the current layer of the rotor undergoes two increases in the bars adjacent to a breakage. Depending on the distance to the breakage [1] - [4] , these increases are smoothly damped. However, previous studies carried out by the authors evidenced a different behavior in the rotor current layer after a failure [5] . The rotor current layer before and after a bar breakage was analyzed by applying a finite-element (FE) model of an asynchronous motor. The results revealed an asymmetrical distribution of the current on both sides of the failure as well as some secondary increases that were at a distance from the breakage equal to the machine pole pitch [5] . These transient secondary increases appeared cyclically in the rotor current layer, and were considered to be a possible cause for the progressive degradation of bars that were randomly distributed around the rotor perimeter. Fig. 2 shows how the distortion in the rotor current layer after the failure is not confined to the region of the broken bar and evolves during the electrical cycle. Secondary increases appear in the current of the bars, and are located at a distance approximately equal to the machine pole pitch [5] . Although the magnitude of these secondary effects is lower and their presence is variable during an electrical cycle, they may cause the initiation of new bar failures at other points in the cage.
Since the cage rotors of asynchronous machines are cylindrical, their symmetry and the presence of unavoidable manufacturing imperfections mean that there is the same likelihood of bar breakage occurring randomly anywhere in the cage. Consequently, it is not surprising that progressive damage in the rotor could start simultaneously at different points of the cage, and then evolve from each point at a different speed, depending on the thermal, magnetic, and dielectric asymmetries of the machine. As a result, a bar breakage may be dispersed around the rotor perimeter.
Although comments regarding the influence of multiple bar breakages on fault diagnosis can be found since the beginning of MCSA development [6] , there are few references in the literature about the diagnosis of faults involving two or more noncontiguous bars. A proposed expression for estimating the amplitude of the left sideband from the number of broken bars is found in [6] , but this is restricted to the case of contiguous broken bars. These authors report that, in the case of bars fractured at intervals of π/2 electrical radians, no significant variation in the current occurs, thus concluding that diagnostics based on speed or current analysis "are liable to underestimate the number of bars broken and may, under certain rare circumstances, fail to detect a defect." Benbouzid [7] states that "if there are broken bars in various parts of the rotor, the current analysis is not capable to provide information of the configuration of noncontiguous broken bars," remarking that "the frequency component f (1 − 2s) does not exist if broken bars are electrically π/2 rad away from each other." Models that are able to analyze the behavior of the induction motor with arbitrary bar breakages have been proposed since the 1980s, [8] , [9] . More recently, a model including all the cage elements (bars and end ring segments) and enabling the stator and rotor currents to be calculated for any rotor asymmetry condition was presented in [10] . This model was applied to a 22-bar, four-pole machine, and all the possible double bar breakages were analyzed. This analysis showed that the amplitude of the left sideband harmonic varies strongly with the relative position of the broken bars. These authors state that "for certain relative positions, the sideband amplitude is much lower than in the case of a single bar breakage and so it can lead to an erroneous diagnostic of healthy machine, if conventional MCSA is used." They conclude that a single measurement of the amplitude of the sideband "is insufficient for the exact diagnosis of the rotor cage faults," and state that "this component should be monitored permanently for a healthy cage to detect the beginning of a destruction process in the cage." Some very recent works that deal with the problems of diagnosing nonadjacent broken bars can be found in [11] - [13] . Menacer et al. [11] carried out an empirical analysis, based on a circuit model and tests, of the experimental detection of rotor faults via MCSA, including several cases with nonadjacent broken bars. Faiz and Ebrahimi [12] simulate an induction motor using a time-stepping FE method and perform the MCSA of the simulated current for some specific cases, in which four broken bars are distributed in different modes over the poles of the motor. Demerdash et al. [13] develop a thorough analysis of the induction motor with noncontiguous broken bars, including a qualitative physical interpretation, simulation, and tests. The study is focused on three specific fault scenarios: adjacent broken bars, nonadjacent broken bars separated by a half-pole pitch, and nonadjacent broken bars separated by one pole pitch.
References [14] - [16] also discuss the multiple bar breakage phenomenon, but assume that the broken bars are contiguous. Henao et al. [14] introduce an analytical approach that enables the analysis of the modification introduced by n consecutive broken bars in the magnetomotive force, and then calculates the spectrum of the stator current when showing the effect of the number of consecutive broken bars in the amplitude of the different fault-related harmonics. Bellini et al. [15] and Concari et al. [16] compare different approaches for estimating the number of broken bars (fault severity), while also assuming that faulty bars are contiguous.
Unlike previous studies, this paper presents a physical analysis of the air gap magnetic anomaly for the case of any double bar breakage. This analysis enables an understanding of the influence of the position of the broken bars on the diagnostic signals. Moreover, a very simple expression is deduced from this analysis, which enables the amplitude of the left sideband to be calculated for any double breakage per unit of the sideband amplitude corresponding to a single breakage. The method is also generalized for the estimation of the sideband amplitude for multiple bar breakages in which broken bars are placed in any position.
The proposed methodology is validated by simulation using an FE-based model and also by a significant number of laboratory tests carried out on a set of commercial cage motors.
II. PHYSICAL ANALYSIS OF DOUBLE BREAKAGES WITH AN ARBITRARY RELATIVE POSITION OF THE BARS
This section explains a simple method for evaluating the amplitude of the left sideband harmonic when a second bar breakage occurs as a function of the relative position of the broken bars. The method is based on the physical analysis of the air gap anomaly using the fault current approach [1] and the spacevector theory [17] , [18] .
The effects of a broken bar can be analyzed using the concept of fault current presented by Deleroi [1] . This means that a machine with a broken rotor bar may be analyzed by considering the superposition of two configurations: the machine in a healthy state and the machine with a current source placed in the bar that breaks (fault current). The fault current is always equal to the current flowing through the same bar in the healthy machine but in the opposite direction, so that the total current through the broken bar is null. At steady state, the fault current varies sinusoidally with time at the slip frequency. Let us assume that bar b 0 breaks; selecting a suitable time origin, the expression for the fault current is
where i F,b0 and i b0 denote, respectively, the fault current and the current in the healthy machine through the bar b 0 ; ω r and I r are, respectively, the pulsation and rms values of the rotor currents for a given slip s in the healthy machine, which is given by
with ω and f being the pulsation and frequency of the supply voltage, respectively. The fault current flows through the short-circuit rings and the remaining bars, creating a magnetic field in the air gap (fault field). This field, superimposed on the normal field of the healthy machine, causes alterations in its behavior. More specifically, it induces the current harmonics in the stator windings that are used for the bar breakage diagnosis.
The shape of the spatial wave of air gap flux density B F (α, t) caused by the fault field is a stepped bipolar wave, the amplitude and spectral composition of which vary with time. As stated in [1] and [19] , the fault field may be decomposed as the sum of spatial harmonics with 1, 2, 3, . . . , p, . . . , n pole pairs. Although these harmonics have fixed positions with respect to the rotor, their amplitudes oscillate proportionally to the fault current. From this point onward, the analysis will focus on the component of the fault field with p pole pairs, since this component generates the left sideband harmonic. Using the formulation of space-vector theory [17] , [18] , the space vector of the pth component of the current density wave generated by the fault field (pth current space vector) is deduced in [20] , obtaining
The expression within brackets is the magnitude of the vector, which varies in time proportionally to the fault current. Its argument is constant, and it coincides with the coordinate of b 0 (in electrical radians), which was selected as the origin of angular coordinates (α b0 = 0). K F p is a complex factor deduced in [20] , which depends on the characteristics and slip of the machine.
As clearly shown by (3), the pth-order current density wave may be decomposed as the sum of two rotating components, direct and inverse, with constant amplitude and slip (Leblanc's theorem). The left sideband harmonic is caused by the inverse component, the space vector of which is given by
When a second bar b i breaks, a new fault field appears. If α bi is the geometric angle between both broken bars, the pth current space vector generated by the second broken bar is given by
Equation (5) is directly deduced from (3), taking into account the following comments.
As in the aforementioned case of bar b 0 , the amplitude of this vector (within brackets) is proportional to the fault current running through the bar b i , and the fault current is equal to the current through this bar in the healthy machine, but with the opposite sign. Since the currents running through b 0 and b i are induced by the same rotating field (the main sinusoidal air gap rotating field of the machine), the current in b i has the same amplitude as that of b 0 , but is delayed by an angle pα bi . This is equal to the angular distance between both bars, which is expressed in electrical radians. As deduced in [17] , the argument of the space vector of current density generated by a simple conductor (bar b i ) coincides with the angular coordinate of the conductor in electrical radians. Fig. 3(a) shows a cross section of the rotor after the second breakage, in which the pth-order current density wave components of the fault fields created by both broken bars at a given time are indicated. Fig. 3(b) shows the corresponding space vector diagram. The space vectors corresponding to both broken bars keep their relative position constant; their amplitudes oscillate with time with the same pulsation sω, but with different time phases (reaching their maxima at different times).
In the case of double bar breakages, the left sideband harmonic is produced by the resultant pth-order inverse component of the fault field. The current space vector of the pth inverse component of the fault field produced by the second broken bar is given by
The space vector of the resultant pth-order inverse current density wave component of the fault field is the sum of (4) and (6), given as Fig. 3(c) shows the vector representation of (7). The space vectors corresponding to both broken bars have constant and identical amplitudes. Their relative position is also constant since all the vectors of the diagram rotate with respect to the rotor at the constant speed −sω. Their arguments differ in an angle equal to twice the electrical angle between both bars. This double displacement is caused by the combination of the spatial angular separation of the bars (pα bi electrical radians) and the time delay between the fault currents that circulate through them (ωt = pα bi ). The ratio between the amplitudes of the left sideband harmonics in the cases of double and single bar breakages coincides with the ratio between the amplitudes of the pth inverse flux density components of the fault field. From an approximate analysis, if saturation is neglected, this ratio is in agreement with that between the current density components, finally resulting to i Ls,double,pu = I Ls,double I Ls,simple
This expression enables the variation of the left sideband to be estimated when a second bar breaks as a function of the relative position of the two broken bars. Fig. 4 shows the evolution of i Ls,double,pu as a function of α bi deduced from (8) . The sideband amplitude is given per unit of its amplitude for a single breakage and the graphic is particularized for a four-pole machine.
Observation of Fig. 4 leads to the following conclusions. , then the second breakage reduces the amplitude of the left sideband to below that corresponding to a single breakage, and so a machine with two broken bars could be erroneously diagnosed as a healthy machine. This result, already reported by [6] , [8] , [10] , [11] , and [13] , is due to the fact that the inverse components of the fault fields provoked by both bars are practically opposed. The previous remarks are applicable to machines with any number of poles and rotor bars. They are consistent with the results reported in [10] and [13] ; in [10] , the variation of the left sideband amplitude is obtained as a function of the position of the second broken bar, for a four-pole machine with 22 rotor bars, using a numerical model. In [13] , the amplitude of the left sideband is obtained by testing a six-pole machine with 45 rotor bars and with two broken bars spaced at four slots.
For a specific machine, with a given number R of rotor bars and p pole pairs, the angular distance between the broken bars may be calculated as
where α s is the slot pitch in radians and i is the number of slot pitches between both broken bars. In the following sections, (8) is validated using numerical simulations and laboratory tests. In this section, a bidimensional FE-based model of the cross section of an 11-kW industrial motor is used to simulate the behavior of the machine with double bar breakages in different relative positions. This model, developed in previous studies by the authors [5] , is able to reproduce the transient operation of the machine by means of a rotating FE mesh and taking into account the saturation of the magnetic circuit, thus enabling the analysis of broken rotor bars and interturn short circuits [21] . Table I presents the main characteristics of the induction motor used for the simulations. A set of simulations of double bar breakages was developed that cover all the relative positions between both broken bars in a pole pitch, as well as two cases in which the distance between broken bars was greater than a pole pitch. To serve as a reference, the case of a single breakage is also analyzed.
The first step for developing each simulation consists of "breaking" the selected bars in the model by increasing their resistance to R broken = 10 MΩ. The machine is then started up direct online, driving a load with a torque characteristic proportional to the speed. This characteristic was arranged so that when steady state is reached, the machine works practically at full load (s ≈ 0.027). Each simulation lasted 6 s of motor operation; the time increment used for the numeric integration was ∆t = 0.0005 s. Fig. 5(a) shows the evolution of the phase A stator current and speed during the first second after the connection, for the case of a single breakage. Fig. 5(b) shows the spectrum of the simulated current. This spectrum was calculated by applying fast Fourier transform (FFT) with a Hanning window to the stationary portion of the simulated current (last 5 s of the register). The left sideband can be clearly observed with a frequency f Ls ≈ 47.5 Hz. Table II summarizes the results of the simulations carried out. Column 4 shows that the amplitude of the fundamental component is practically unaffected by the position of the broken bars. Column 6 gives the amplitude of the left sideband obtained for the different faults specified in column 1, per unit of the corresponding amplitude for a single breakage. The last column also gives this value, though calculated theoretically using (8) . It has to be remarked that since a perfect symmetry is assumed in Table II with the values of I Ls calculated from (8) . The figure clearly shows that the variation of the left sideband amplitude versus the relative position of both broken bars, calculated using the FE model, fits well the variation predicted by the simplified equation (8) deduced in Section II.
IV. EXPERIMENTAL STUDY OF DOUBLE BAR BREAKAGES
A series of laboratory tests was subsequently carried out using commercial motors in order to confirm the validity of the preceding theoretical analysis for industrial machines.
Seven identical cage motors rated 1.1 kW, 400 V (star), with four poles, and 28 rotor bars were used for the tests. The motors were disassembled; one of the stators was mounted on the test bed (see Fig. 7) , and then, a series of tests was performed by mounting the various rotors under different fault conditions.
For the initial series of tests, all the seven rotors in healthy condition were successively mounted and tested. The motor was loaded using a dc machine so that the rated regime (n = 1410 r/min, s = 0.06) was reached. Subsequently, a register of a stator phase current was obtained by means of a digital oscilloscope through a shunt (6A, 60 mV) connected to the secondary of a current transformer (15/5). The current signal was captured during 50 s, using a sampling frequency f s = 5000 samples/s. The aim of these tests was to confirm that there were no significant differences between the tested rotors.
After the first series of tests, a bar was broken in each of the rotors (b 0 bar). This was achieved by drilling at the junction between the short circuit ring and the bar.
A second series of tests was then carried out, following the same procedure and using the rotors with a broken bar. These tests enabled the calculation of the amplitude of the left sideband I Ls,single using the FFT, for the case of a single breakage in every rotor.
Subsequently, a second bar was broken in each rotor. In order to study all the possible relative positions of both broken bars in a pole pitch, the second drilled bar was in a different position in each rotor.
Finally, a third series of tests was performed by testing the rotors with double bar breakages and calculating the corresponding left sideband amplitude (I Ls,double ). Table III summarizes the FFT analysis of the tested currents. To reduce the influence of using seven different rotors, the amplitudes of the left sidebands were normalized by dividing them by the amplitude of the corresponding fundamental harmonic (I f ) as measured in the same test. Column 7 gives the experimental amplitude of the normalized left sideband component for different double breakages per unit (p.u.) of the sideband amplitude corresponding to the same rotor with one broken bar. Column 8 shows the theoretical values expected for these cases, calculated from (8) . Fig. 8 graphically compares the tested values (column 7 of Table III ) with the theoretical values predicted by (8) and the values obtained from the numerical simulation (column 6 of Table II) .
As expected, Table III and Fig. 8 show greater discrepancies between tested and theoretical amplitudes of the sideband component than those observed for the simulations. This is due to the constructive and assembly tolerances of the different rotors, as well as the unavoidable variations in test conditions (source voltage, winding temperatures, measuring errors, etc.) during the series of tests. Nonetheless, the results of the tests clearly follow the theoretical trend. The sideband amplitude decreases as the second broken bar moves away from the first, reaching a minimum when both bars are separated by approximately half the pole pitch.
The amplitude increases from this point until reaching a maximum when the bars are separated by a pole pitch. For this case, the amplitude of the sideband practically doubles its amplitude for the single breakage. As predicted by (8) , when both broken bars are separated by approximately half the pole pitch, the sideband amplitude is clearly lower than that corresponding to a single bar breakage, and the machine in this faulty condition might be wrongly diagnosed as healthy. Therefore, the simplified analysis developed in Section III proves to be useful for predicting and understanding the effect of a second bar breakage in the tested commercial motor.
V. APPROXIMATE STUDY OF MULTIPLE BAR BREAKAGES
The simplified analysis based on the current density vectors given in Section III may be easily extended to a greater number of broken bars. The resultant vector of current density for the fault field component that creates the left sideband can be obtained by applying the superposition principle and adding the individual components generated by each broken bar.
If bars b a , b b , b c . . ., placed at coordinates α ba , α bb , α bc . . ., are broken, then the pth current space vector of the inverse component of the fault field produced by all the broken bars is given by
Thus, if saturation is neglected, the ratio between the amplitudes of the left sideband harmonics in the cases of multiple and single bar breakages is approximately given by i Ls,multiple,pu = I Ls,multiple
To validate (11), a new series of tests was carried out using the rotor named as 7 in Table III . Bars b 0 , b 7 , b 3 , b 11 , b 14 , b 17 , b 19 , b 20 , and b 23 were successively broken and, after every breakage, the rotor was reassembled and the stator current analyzed. Fig. 9 compares the theoretical evolution of the left sideband amplitude calculated from (11) with the test results. The evolution of the sideband with the successive breakages is correctly predicted, even for a high number of broken bars. Obviously, when the number of broken bars increases, the hypothesis of the fault current proposed by Deleroi fits less well to the phenomena taking place in the machine, and the analysis error increases. Fig. 10 represents the vector diagram of (11) corresponding to the first four cases of multiple breakages, and explains the evolution of the sideband amplitude when bars b 0 , b 3 , b 7 , and b 11 are successively broken.
Finally, the experimental results reported in [13] enabled us to make a confirmation of (11) on a machine that was very different from the machine used for the tests. Demerdash [13] tested a 5-hp machine (p = 3 pole pairs, R = 45 rotor bars) at rated load under six different fault conditions 1) healthy; 2) one broken bar; 3) two adjacent broken bars; 4) two broken bars separated by half pole pitch; (11) with the corresponding experimental ones tested in [13] for four different cases of adjacent and nonadjacent breakages.
5) three broken bars each separated one half pole pitch; 6) two broken bars separated by one pole pitch. Equation (11) was applied (with p = 3, α bi = i · 2π/45) to the last four cases, and the corresponding normalized values of the theoretical LSH in decibels were calculated. Fig. 11 compares these theoretical values with the corresponding experimental values measured in [13] , showing a good agreement.
VI. CONCLUSION
An analysis of double and multiple bar breakages valid for cage motor faults involving nonconsecutive broken bars has been presented. This analysis is based on the application of the fault current approach and the space-vector theory. It provides a physical interpretation of the appearance of the left sideband component under any double or multiple bar breakage condition, as well as the deduction of very simple expressions for the approximate calculation of the left sideband amplitude as a function of the relative position of the broken bars. The theoretical analysis is validated using an FE model of an induction motor and also by laboratory tests using commercial cage motors.
Good agreement was obtained between theoretical analysis, simulation, and experimental results, proving that the proposed approach constitutes a useful tool for the study and diagnostics of double and multiple bar breakages.
